Optical transitions in GaAs 1Àx N x /GaAs quantum wells (QWs) have been probed by two complementary techniques, modulation spectroscopy in a form of photoreflectance and surface photovoltage spectroscopy. Transition energies in QWs of various widths and N contents have been compared with the results of band structure calculations based on the 10-band kÁp Hamiltonian. Due to the observation of higher order transitions in the measured spectra, the band gap discontinuities at the GaAsN/GaAs interface and the electron effective masses could be determined, both treated as semi-free parameters to get the best matching between the theoretical and experimental energies. We have obtained the chemical conduction band offset values of 86% for x ¼ 1.2% and 83% for x ¼ 2.2%, respectively. For these determined band offsets, the electron effective masses equal to about 0. 
Verification of band offsets and electron effective masses in GaAsN/GaAs quantum wells: Spectroscopic experiment versus 10-band kÁp modeling
I. INTRODUCTION
Dilute nitride alloys such as GaAsN have attracted a great deal of experimental and theoretical attention in the last decade due to their unusual physical properties. One example is a drastically reduced bandgap with the incorporation of a small amount of nitrogen into GaAs. 1, 2 This fact made these materials technologically attractive for optoelectronic devices, [3] [4] [5] e.g., GaAsN was used in structures designed for fast saturable absorber devices. 6 Moreover, GaAsN is very often used in more complex step-like quantum well (QW) structures as InGaAsN/GaAsN/GaAs, when it serves as a strain reducing layer and helps to reach longer emission wavelengths at lower In and N contents, which is beneficial for the structural and optical material quality, and hence also for the performances of the related devices. 7, 8 In that context, such GaAsN-containing QWs can also be imagined to be exploited in more sophisticated and futuristic structures as QWs in optical resonators, where the physical effects resulting from a manipulation of both electronic and photonic wave functions can be used to tailor the lightmatter interaction in the sense of coupling between the QW excitons and the photonic modes of the optical cavity. The latter, when combined with the use of dilute nitrides, could bring to the practical exploitation of the well-known polaritonic physics and Bose-Einstein condensation in optoelectronic devices at the telecommunication wavelengths. As we have previously shown theoretically, 9 the oscillator strength of an InGsAsN/GaAsN/GaAs well, which can be used for the formation of exciton-polaritons at for instance 1.3 lm, is strongly and non-monotonically dependent on the value of the band gap discontinuity (and hence the related band offsets ratio) at the GaAsN/GaAs interface. Therefore, experimental determination or verification of the real band offsets for this combination of materials is a subject of the current paper. We recognize that the existing literature data concerning that aspect seems to be inconsistent or controversial. Theoretical studies based on the dielectric model predicted a type-II alignment for the GaNAs/GaAs system, 10 which has further been supported by X-ray photoemission spectroscopy, 11 while first-principles calculations suggest a type-I lineup in this system, 12 with several following papers claiming that experimentally. [13] [14] [15] [16] [17] Furthermore, adding nitrogen atoms into the GaAs matrix results in an enhancement of the electron effective mass, which makes the entire physical situation more complex and the proper interpretation of the optical spectra even more difficult. The issue of the effective mass has already been considered both theoretically and experimentally; 16, [18] [19] [20] [21] [22] however, currently the experimental results on the effective electron mass, especially in the case when the nitrogen (N) mole fraction approaches or exceeds 1.5% in the GaAsN layers, 20 are still significantly different than predicted from the band-anticrossing (BAC) modeling 18 and certain corrections need to be considered.
In this report, we studied experimentally the energies of the interband transitions in GaAsN/GaAs QWs of various widths and compositions, and then identified them theoretically exploiting the 10-band kÁp model, which allowed estimating both the band offset and the electron effective masses for N contents useful in photonic QW structures emitting in the telecommunication range of 1.3 lm.
II. EXPERIMENTAL
For these studies, we used samples of GaAs 1Àx N x /GaAs single QWs grown by molecular beam epitaxy on a (001) GaAs substrate and a GaAs buffer, and capped with 100 nm of GaAs. There have been investigated two sets of structures with two different N contents (1.2% and 2.2% of nitrogen) and various QW widths of 6, 8, and 10 nm. The compositions of the layers are determined based on growth calibration samples. At first the N content was calibrated by bulk-like GaAsN material. The relative strain of the given composition with respect to the GaAs substrate was estimated by high resolution X-ray diffraction (HR XRD), giving a direct measure of the absolute N content. By using the same parameters again for the growth of the QW samples their composition could be given quite exactly. The estimated error bar is about 0.1% of the N content. The thicknesses of the QWs were calibrated in the same manner by accurately estimating the gallium growth rate by HR-XRD and double checking it with scanning electron microscopy measurements.
For the determination of the optical transitions, especially the higher order ones which are more sensitive to the material parameter details like the band gap discontinuities, we used two different absorption like techniques, photoreflectance-PR (a kind of modulation spectroscopy) and surface photovoltage spectroscopy-SPS, both known as efficient in detecting the entire spectrum of transitions in various, even complex and multilayered, quantum structures. [23] [24] [25] [26] [27] In photoreflectance (or modulated reflectivity) the normalized changes of the reflectivity coefficient are measured under external modulation stemming from varying illumination with a secondary beam (usually from a laser). This gives the derivative-like spectra with enhanced sensitivity to the optical transitions occurring in the investigated structure, of even a very small oscillator strength (as the nominally parity forbidden transitions, or those in quantum dots). [28] [29] [30] Photoreflectance was measured by using a standard setup in the so called bright configuration 31 when the tungsten halogen lamp and the 660 nm line of a semiconductor laser served as sources of the probe and pump beams, respectively. The photomodulated changes in the intensity of the reflected beam were detected by an InGaAs thermoelectrically cooled photodiode combined with a 0.5 m focal length monochromator dispersing the reflected light. The lock-in technique was used for the AC/DC signal processing and analog/digital conversion in order to record the spectral dependence of the normalized changes of the reflectivity coefficient DR/R.
In surface photovoltage spectroscopy, the change in the surface potential due to the optically excited electron-hole pair generation under periodic illumination and subsequent carrier redistribution and/or capture in the surface states are measured. For confined state structures as QWs, it basically reflects spectrally the absorption coefficient. 23 Surface photovoltage spectroscopy measurements were performed on an independent setup in a normal incidence beam configuration. The signal was measured between the sample and a reference metal grid electrode in a capacitive manner as a function of the photon energy of the probe beam. A soft contact mode was used to enhance the photovoltage signals. 32 The illumination system consisted of a 200 W quartz-halogen lamp chopped at 180 Hz and a 0.3 m focal length grating monochromator. The photovoltage spectrum on the metal grid was measured with a copper plate as the ground electrode using a buffer circuit.
III. THEORETICAL APPROACH
To study the band structure of III-V semiconductor such as GaAsN we employed the kÁp method. 33 The strong interaction between the N resonant states and the conduction band states means that the conventional 8-band kÁp model is not able to describe the band structure properly, especially the conduction band states of GaAsN/GaAs quantum wells. On the other hand, it has also been demonstrated that exploiting a simplified approach taking into account just the coupling between the conduction band states and the nitrogen states (so called band anticrossing model) is not satisfactory as well. It neglects the conduction and valence band interaction and does not give an accurate prediction of electron and hole higher energy confined states, 34 whereas the latter are used by us for comparison with the experimental results. Therefore, this leads to the necessity of using the 10-band kÁp Hamiltonian, which we used after Ref. 33 . We solved the Schr€ odinger equation using the finite difference technique. 35 The material parameters used in our calculations, except for band offsets and electron effective masses which are to be determined here, are taken after Ref. 16 . Further details of the used theoretical approach are described in the appendix.
IV. RESULTS AND DISCUSSION

A. Optical spectra
In order to verify the band structure details as, e.g., the band offsets, we have used two complementary experimental techniques, both giving absorption-like spectra. These spectra allow for a highly sensitive detection of optical transitions in low-dimensional structures. [23] [24] [25] [26] [27] 36 Figure 1 shows an example of such room temperature spectra for three GaAsN/ GaAs QW samples with the nominal N content of about 1.2% and different QW widths of 6, 8, and 10 nm. Using various widths for a constant composition is an approach which allows probing the appearance/disappearance of higher order state transitions in the spectra (due to the changed confinement width, the number of confined levels is altered), which eventually, after comparing to the results of calculations, allows determining the band gap discontinuities (only the proper discontinuity will give the agreement for the transition energies, and especially the number of confined state transitions for various QW widths). As can be seen in Fig. 1 , there is only one spectral feature present for the narrowest QW (6 nm width), in both types of spectra, PR and SPS. This, even without the calculations, can be attributed to the fundamental transition in the well. This transition is observed for the wider QWs and shifts to the red with increasing the width, as expected. For the 8 nm wide QW, a second feature appears at about 80 meV higher energy. And finally, this second transition is also observed for the case of the 10 nm wide QW, being red shifted and separation of which decreased to about 60 meV with respect to the ground state transition, i.e. as expected with increasing the well layer thickness. It is worth noting that no other optical features could be observed, except of the GaAs-related bulk-like transition, which has been left out of the range of Fig. 1 for clarity (as this is much more intensive, and out of the interest for this discussion). In order to derive more exact spectral positions of the observed features, a respective analysis must be employed. In the case of the PR spectra (whose line shape is derivative-like), a fitting procedure according to the following formula has been performed:
where C and # are the amplitude and phase of the spectral line, and E 0 and C are the energy and the broadening parameter of the transition, respectively. The parameter m refers to the type of an optical transition and critical point. We used here m ¼ 3 as it has been proven to produce a line shape imitating well the first derivative of Gaussian function (appropriate for inhomogeneously broadened confined state transitions) and giving correct transition energies. An example of such fit is shown in Fig. 2(a) for the case of the 10 nm wide QW from Fig. 1 . As the detailed line shape is also dependent on the phase parameter, the obtained energies, which are 1.253 and 1.328, respectively, fall spectrally between the two maxima of the respective PR lines. Similarly, the extraction of the transition energy directly from the SPS spectra is not very exact, especially for the higher energy transitions, which appear on the background of the absorption related to the fundamental one, and are not very pronounced (however visible) in the spectrum as measured (see Fig. 1 ). Therefore, the processing of the spectra is needed, and a respective fitting procedure afterwards. It has been shown 23, 32 that the numerically calculated derivative of E Â SPSðEÞ with respect to the photon energy E, dðE Â SPSðEÞ=dE (denoted as DSPS, i.e., a derivative of the SPS response) is proportional to dðaðEÞÞ=dE, where a is the absorption coefficient and resembles the line shape described by Eq. (1) but for parameter m ¼ 2. Such an analysis has been used and its result is shown in Fig. 2(b) . As the phase parameter is by the definition different in the case of these spectra and the PR ones, the obtained energies, which are very close to the ones from PR (1.251 and 1.323 eV), fall more onto the respective peaks of the derivative curve of the DSPS signal. The second higher energy transition is also a bit less pronounced in DSPS, but generally, both the types of the spectra confirm the existence and the energy positions of the observed optical transitions.
Analogous spectra have also been recorded and their analysis performed for the second series of structures with 2.2% of nitrogen.
B. Band offset
The experimental data of the previous chapter is compared with the results of calculations within the theoretical model presented in Sec. III. We calculated the transition energies in GaAs 1Àx N x /GaAs QWs with N contents of x ¼ 1.2% and 2.2%, and versus the well width in the range of at least 6-10 nm. The chemical band offsets (band gap discontinuities), i.e., the ones between the unstrained materials (or before the application of the strain), are the input parameters, and treated as semi-free, i.e., tunable in order to match the theoretical dependencies with the experimental data. Figure 3 compares the experimentally determined transition energies of a series of GaAs 1Àx N x /GaAs QWs with x ¼ 1.2% and various well widths with those calculated using the 10-band kÁp Hamiltonian. The electron effective mass was taken from the BAC model 18 in the first approximation. The conduction band offsets used in the calculations were equal to 70% (red line), 80% (blue line), and 90% (green line), respectively. Using that limited range is based on what has been reported in the literature previously 16, 21 and also on our previous work, which predicted that the properties of more complex structures of InGaAsN/GaAsN/GaAs QWs will strongly depend on that if the GaAsN/GaAs band offset is closer to 70% or 90%. As we see, indeed an unambiguous determination of the band offset is hardly possible when following just the ground state transition, which is weakly sensitive to that parameter of the structure. Additionally, which should be expected in the case of these tensile strained QWs, there coexist two closely spaced transitions in the range of the lowest energy spectral feature: a light hole related transition (i.e. between the fundamental light hole confined level and fundamental electron confined level-lh1-e1) and at slightly higher energy a heavy hole transition (the fundamental heavy hole confined level and the fundamental electron confined level-hh1-e1). While considering only the transitions at k ¼ 0, we can still use the names as in the single band model, i.e., "heavy hole" or "light hole" bands. The superposition of the two transitions at the ground state energy makes the interpretation even more difficult, especially as these two transitions are separated by only a few meV and cannot be resolved in the broadened spectra (the line broadening is about 20 meV) of rather strongly inhomogeneous system of dilute nitride. However, one can assume that the experimental spectra are mostly dominated by the heavy hole transitions having larger oscillator strength (by approximately a factor of 3 in the quantum well).
The higher order transitions change much stronger when the band offsets are altered and the "lh" and "hh" ones are better separated. When analyzing the dependencies plotted in Fig. 3 , we observe that the calculated hh2-e2 transition (second heavy hole level and second electron level) occurs very close to the energies of the experimental higher energy spectral feature (called QW ES in Fig. 1 ). Although the absolute energies do not agree very exactly, one can still follow the tendency and number of transitions expected in the spectra. The latter brings us to the conclusion that the conduction band offset must be taken from the range of 80%-90% for N content of 1.2%, because for 80% or smaller values a second optical transition should also be present in the spectra for the 6 nm wide QW, which is not the case. On the other hand, the second transition could not be seen for the 8 nm wide QW, if the conduction band offset is !90%. This result remains in agreement with some of the previous considerations. 16, 21 Therefore, following the dependence proposed in Ref. 16 , we obtain that the conduction band offsets could be about 86% for x ¼ 1.2%. When analyzing similarly the data for the larger N content, and assuming the dependence from Ref. 16 is still valid, we obtain the conduction band offset ratio of about 83% for x ¼ 2.2%. These two offset values are then used in further calculations.
C. Electron effective mass
In order to improve the agreement between the theoretical and experimental results, we tune the electron effective mass, which is the second parameter which is not very well defined in the literature. Figure 4 shows the calculated transition energies in GaAs 1Àx N x /GaAs QWs for two different N mole fractions x ¼ 1.2% (a) and x ¼ 2.2% (b) as a function of the QW width. The red dashed lines show results obtained using the theoretical model presented in Ref. 33 , while the black full dots correspond to our experimental results. In order to improve the agreement with respect to the experimental data, the transition energies have also been calculated for the corrected electron effective mass-solid black curves in Fig. 4 . For the two considered cases of N content, the effective electron mass has been set to be equal to 0.09 m o for the sample with 1.2% N and 0.15 m o for the sample with 2.2% N. In the second case, this is more than twice larger than the electron effective mass in GaAs. Suggestions on the necessity to increase the effective mass in GaAsN have already been made in several papers previously. 13, 16, [19] [20] [21] 37 Hai and co-workers 19 determined the mass values to be 0.12 m o and 0.19 m o for 7 nm GaAs x N 1Àx /GaAs QWs with x ¼ 1.2% and 2%, respectively. Authors in Ref. 20 studied samples with a similar nitrogen content of 1.2% < x < 2.8% and different GaAs x N 1Àx well widths from 3 to 9 nm and showed an increase in the electron effective mass to about 0.11 m o . Also in Ref. 21 , it has been indicated that for The calculated values of effective electron mass are increased compared to GaAs, but still lower than those directly measured or determined indirectly using the optical experiments. This discrepancy is especially significant for the N mole fraction larger than 2%. This is described in Ref. 37 , in which it has been found by the ab initio LMTO (Linear Muffin Tin Orbital) calculations that the values obtained for the electron effective mass at the bottom of the conduction band should be in the range from 0.065 m o to 0.12 m o for 0.009 < x < 0.04. In our case, and based on the comparison to the experimental results, we approximated the electron effective mass in a function of the N content by the following expression:
where b o ¼ 0:067; b 1 ¼ À0:31; and b 2 ¼ 185:6. However, some further work and additional and independent experiments are still needed to confirm such a dependence for more values of the N contents, also out of the range of compositions considered here.
V. SUMMARY
In summary, detecting the optical transitions in the GaAs 1Àx N x /GaAs quantum wells by photoreflectance and surface photovoltage spectroscopy has allowed studying the details of the band structure of this dilute nitride material system. The dependencies of the transition energies on the well width and N concentration have been investigated. Based on the comparison of the experimental data with the results of the calculations from the 10-band kÁp modeling, we could estimate the conduction band offset to be equal 86% (64%) for x ¼ 1.2% and 83% (63%) for x ¼ 2.2%. The results suggest additionally an increase in the electron effective mass to about 0.09 m o for x ¼ 0.012 and 0.15 m o for x ¼ 0.022. Both the parameters need to be considered accordingly in order to predict properly on the electronic levels of more complex GaAs-based structures containing the GaAsN alloy. Eventually, the obtained band offset confirmed the expectations on the enhancement of the oscillator strength of the optical transitions in InGaAsN/GaAsN/GaAs QWs 9 designed to be employed for the formation of exciton polaritons in the telecommunication range. This makes the material system indeed promising for practical exploitation of the quantum-electrodynamics-based optoelectronic applications. 
APPENDIX: TEN-BAND kÁp MODEL
In the 10-band scheme, the total wave function of the subband n in the QW can be written as W n ðrÞ ¼ X 10 j¼1 F n;j ðrÞu j ðrÞ;
where F n,j (r) is the envelope function and u j (r) is the periodic part of the Bloch basis function at the zone center. The following Bloch basis functions for the high-lying N-band (N will be used to assign the nitrogen related states), the conduction band (CB), and the heavy hole (HH), the light hole (LH), and the spin-orbit split-off (SO) bands have been used to derive the 10-band kÁp Hamiltonian and V N ¼ b ffiffi ffi x p describes the coupling between the N states and conduction band edge, b is the interaction factor between N and CB, E No , E Co , E Vo are the energies of N, CB, VB, respectively, D SO is the spin-orbit splitting energy, k x and k y are the wave vectors in the plane, k z is the wave vector along the QW growth direction. The term s ¼ 1=m Þe xx describe the influence of the hydrostatic and shear strain components on the band structure, where a i are the hydrostatic deformation potentials (with index i ¼ N, CB, VB). c 11 and c 12 are the elastic constants, b ax is the axial deformation potential and e xx is the strain in the layer. The parameters a and b describe the band gap reduction due to the introduction of N, while j takes into account the variation of the VB offset between unstrained GaN x As 1Àx and GaAs. And finally, x is the fraction of N in the structure. The band parameters of the parental binary compounds used in our calculations are taken after Ref. 16 .
We quantize the Hamiltonian along the growth direction (z-axis) and we replace the z component of k vector by the operator k z ! Ài@=@z. Then, we denote the in-plane wave vector by k jj ¼ ½k x ; k y . We solve the 10-band kÁp Hamiltonian numerically using the finite difference technique. 35 
